A model is proposed for studying tunneling in many-particle systems that is simple enough to solve and realistic enough to test various collective models of multidimensional barrier penetration. We find that the imaginary time dependent mean-field theory works very well in its domain of applicability, as does a continuum hopping approximation. The usual cranked mean field approximation is much less reliable.
I. INTRODUCTION
Tunneling in many-particle systems is an interesting problem with application in nuclear physics to spontaneous fission, exotic radioactivity, band mixing in deformed nuclei, as well as in heavy ion fusion reactions.
A number of methods have been developed to treat the dynamics in the classically forbidden domain, but for the most part the techniques are of unproven reliability. All microscopic theory starts from a mean field or meanfield wave functions, but the symmetry of these wave functions must be broken in the barrier penetration. In one kind of theory, the symmetries are broken by the pairing interaction, which then provides the dynamics of the tunneling. On the other hand, in the imaginary time mean-field theory, the residual interaction is treated as a fluctuating mean field, which accomplishes the same effect. We would like to understand better whether these mechanisms are different ways of expressing the same physics, or whether there are intrinsic differences.
In In Table I we record the numerical values of the splittings for this case and also for the truncation to the lowest oscillator state, v=O. The two spaces give virtually identical splittings (and average energies as well), so the single particle motion is seen to be irrelevant for the tunneling dynamics. Of course, this result depends on the choice of parameters. If the single particle frequency were small compared to the barrier height, the single particle motion might play a role.
III. MEAN-FIELD MODELS
We now discuss various collective treatments of the Hamiltonian based on reducing the Hamiltonian to a Some properties of the wave function for the parameter set (2.5) are shown in Figs. 4 -6 . The expectation value of z is displayed as a function of t in Fig. 4 . At large negative time, (z ) approaches asymptotically the value -X, which is the expectation in the ground state of the left-hand well. As t varies from -T/2 to 0, the wave packet moves through the barrier and approaches the ground state of the right-hand well at t =0. The wave function itself does not change shape as it moves through the barrier, as is to be expected for a harmonic oscillator Hamiltonian perturbed by a linear potential.
The relation between (o. , ) and (z ) is shown in Fig.   5 . It is very close to linear. This tells us that the optimal path connecting the two wells moves evenly in the two coordinates.
By contrast, the (z )-constrained mean-field solution behaved quite abruptly, with (cr, ) constant for part of the trajectory. In Fig. 5 we display ( o ") as a function of the position x, defined in terms of (z ) by Eq. (3.8). Qualitatively the behavior is very similar to the (o, )-constrained mean field. However, the relation (3.5) is no longer satisfied, because the imaginary time wave functions are not normalized in the usual way. In fact, with the imaginary time wave function the o~o perator has a nonvanishing expectation value. It is imaginary, corresponding to an imaginary momentum for a particle tunneling under a barrier. (x ) 
